Purpose -The aim of this paper is to improve and adapt cascaded multilevel converters for electric vehicles (EVs) to have all the advantages of these converters and to eliminate its limitations in the use of EVs applications. Specifically, the purpose is to use only a single power source (battery pack, fuel cell, etc.) and generate a higher power-quality than regular multilevel converters. Design/methodology/approach -This paper is based on a cascaded multilevel converter conformed by two 3-level inverters connected in series. The voltage sources of the auxiliary inverter were replaced by floating capacitors which work as active filters, reducing the power sources to one. The floating capacitor voltages were controlled by a PI controller that adjusts the modulation index (m) to obtain a zero average power in the auxiliary inverters, and a predictive control selects the optimal redundant state to reduce the error and balance in all the capacitor voltages. As the modulation index is determined by the PI controller, the output voltage magnitude must be controlled by a variable voltage source (e.g. buck-boost chopper). Additionally, the converter works with new optimal voltage asymmetries to obtain higher power quality and capacitor control stability. Findings -The proposed converter uses a topology that conventionally generates 9-levels of voltage, but with the proposed asymmetry it can generate 11-levels. Also, the auxiliary power sources were eliminated. Research limitations/implications -The proposed solution has a limited dynamic response due to the variation rate of the capacitor voltage, which is limited by the load current and the capacitance. However, the dynamic response and control stability is satisfactory for EVs applications. Originality/value -The paper presents a new control to manage the floating capacitor voltages and uses new voltage asymmetries in cascaded multilevel converters.
Introduction
AC motors have become the most widely used motors in electric vehicles (EVs), specially the induction and permanent magnet brushless machine, because they have high efficiency, performance and reliability (Zhu and Howe, 2007; Gaurav and Narayan, 2006) . In application of variable frequency as EVs, the AC motor is implemented with power electronic and control developments that allow torque control through an inverter (dc-ac converter).
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Today, multilevel converters are very popular for high power and voltage applications because they generate high power-quality and use standard semiconductors (Rodriguez et al., 2009) . Multilevel converters can be classified in three main topologies; neutral point camped (NPC), flying capacitor (FC) and cascaded multilevel (CM) (Rodriguez et al., 2010; Malinowski et al., 2010) .
CM converters are based in a series connection of several inverters, called main and auxiliary inverters. The advantages of cascaded converters are the use of conventional inverters and semiconductors to produce a very high power-quality (voltage levels), but they require many isolated voltage sources and semiconductors, and as any multilevel converter, the power-quality is reduced with the speed. A solution to generate more levels with the same topology (or reduce components without losing power-quality) is to apply asymmetrical voltages sources in each series inverter to increase the combination of voltage levels. However, asymmetric topologies introduce some disadvantages, like the loss of modularity and regeneration in the auxiliary inverters at some modulation indexes (Dixon and Moran, 2002, 2006; Zambra et al., 2010) . These disadvantages complicate the use of cascaded converters in EVs, where usually the energy comes from one voltage source (battery pack, fuel cell, ICE generator, etc.), the regeneration is required in specific times and the motor operates in a wide range of speeds.
Some previous works solve some of these problems implementing special modulations to use capacitors as isolated voltage sources and unidirectional power supply (Rotella et al., 2009) , high frequency transformers as isolated power source (Pereda and Dixon, 2011) , and phase-shift modulation (Zhong et al., 2009 ), but they introduce voltage distortion, extra hardware or limited operation range. This paper presents a CM converter specially designed for EVs with a new control system that solve all the drawbacks already mentioned and increase the powerquality (voltage levels) using two new optimal voltage asymmetries. The proposed system can be applied to any cascaded converter topology but this paper presents topologies using two three-level inverters connected in series, which generate ninelevels with conventional optimal asymmetry (1:3), but with the proposed asymmetries (1:4 or 1:5 instead 1:3) it can generate 11-levels of voltage in the converter phase and 33-levels in each motor phase.
CM converter: topologies and voltages
The proposed concept consists of a main NPC inverter of three-levels powered by the battery through a dc-dc converter (e.g. chopper buck-boost) and an auxiliary inverter of three-levels (NPC or three h-bridges (HB)) connected in series and using floating capacitors as voltage sources (Figure 1 ). All this topologies generate exactly the same motor voltages and use the same number of semiconductors. Figure 1 shows the proposed topologies, which conventionally generate five-levels (1:1) or nine-levels (1:3). The topology uses a NPC as main inverter and a NPC or three HB as auxiliary inverters. The use of HB in the main inverter was discarded because each main HB requires an isolated power source and EVs use a single power source. A possible solution is use a motor with isolated winding to power the three main HB with the same voltage source, but this topology was discarded too because the proposed voltage asymmetries (1:4 and 1:5) cannot be applied in isolated phases. Figure 2 shows the space voltage vectors of the topologies shown in Figure 1 for different voltage asymmetries (1:n). The advantages of represent the voltages in the vector space are the three-phase illustration and the generalization, because the voltage vectors of the converter are the same as the motor ones, which does not happen in time domain.
Cascaded converter topology

Converter and motor voltages
The state-of-art in cascaded converter considers the optimal asymmetry as the number of level of the series inverter, so in this case the optimal asymmetry would be n = 3 because the inverters used have three-level. However, this paper propose a higher optimal asymmetry (n = 4) and an extreme asymmetry (n = 5) to generate more voltage levels, increasing the power-quality.
The extreme asymmetry has empty areas (areas without vectors) that may produce voltage distortion at some modulation indexes (m). However, if the modulation index is bounded to specific values as is shown in Figure 4 , the voltage trajectories will not cross the empty areas and the voltage distortion will be avoided.
All the topologies shown in Figure 1 generate the same voltages in the motor windings for a determined asymmetry. However, topologies with open-end winding connection do not have a motor neutral (n) and the converter has two neutral (n 1 and n 2 ), but the motor is connected in Y through the converter, so these topologies have 
Floating capacitors: voltage control and balance
Capacitor voltage control
The floating capacitor control is a simple PI controller that adjust the modulation index (m) with small variations around the fixed modulation index (m * ), where theoretically the average power of the capacitors is zero (Figure 3 ). The error is obtained comparing the sum of all capacitor voltage with the reference. Therefore, the amplitude voltage of the motor is controlled by the variable dc-dc converter (e.g. chopper buck-boost), and the cascaded converter just controls the frequency and phase. The converters shown in Figure 1 
Capacitor voltage balance
The PI controller generates the modulation index and controls the sum of the capacitor voltage, but each capacitor must have the same voltage, so a voltage balance is required.
Therefore, the vector to apply is obtained from the modulation index and the voltage angle, and then the IGBT switching signals are selected by a predictive control that balance the capacitor voltages and assists the PI control using the redundant auxiliary vectors and a predictive model to minimize a cost function that quantifies the future quadratic error of each capacitor.
The fixed modulation index m * (trajectory) matches with the trajectories that avoid the empty areas in the extreme asymmetry, so the voltages have not distortion.
Moreover, the use of extreme asymmetry and floating capacitors are strengthened, because a high asymmetry helps the capacitor voltage control to increase the stability and dynamic performance (capacitor manages less power), and the use of floating capacitors works as a variable voltage source, which is required to obtain a bounded index modulation to avoid the empty areas. Figure 4 shows each motor winding voltage obtained by any converter of Figure 1 and using the control of Figure 3 with extreme asymmetry (n = 5). The converter phase voltages (v aN ) has nine-levels as the conventional one (n = 3), but the extreme one can combine this nine-level voltage to increase the phase-phase voltage levels, therefore the motor phase voltage levels (v an ) are increased too. So the proposed converter is equivalent to an 11-level converter, but just using a nine-level converter topology and eliminating the auxiliary voltage sources.
Implementation
The EV converted was a city-car (Suzuki Maruti 800cc) and its gearbox was conserved to use the mechanical differential and optimize the motor speed.
The converter 1 (Figure 1 ) and a chopper buck-boost were designed and implemented using IGBT modules in a single and forced air-cooled heatsink ( Figure 5 ). The floating capacitors used are commercially standard (22 mF, 75 V).
The Li-ion battery pack has a weight of 120 kg and it was installed in the back of the car to have an easy manipulation. This pack is formed by 48 LiFeYPO 4 cells with a nominal capacity of 60 Ah and 3.2 V each. A low charger (1 kW) was installed with a capacitor equalizer on a side of the battery pack ( Figure 6 ).
The motor implemented was a disc permanent magnet brushless AC motor with air cooling refrigeration and the following nominal values: 15 kW, 120 V and 5,000 rpm. A support plate had to be designed and built to separate the motor from the gearbox for space reasons, so a special coupling joint was used, which has a high elastic material (Figure 7) . However, the experimental results were obtained using a 3 kW induction motor in a test bench because the motor drive is in design stage.
The industrial controller AC 800PEC ® from ABB was used (Figure 8 ). The complete software control was implemented in this controller using Matlab/Simulink ® . The trigger signals were transmitted by optical fibers to reduce interferences. Figures 9  and 10 show the city-car and motor installation. Figure 11 shows simulated voltages of the converters shown in Figure 1 , specifically, the converter phase voltage (v fN ), the phase-phase voltages (v ff ), and motor winding voltages (v fn ). As the converters 2 and 3 have open-end winding connection, they have two separately converters, so two converter voltages are generated, but a virtually single converter voltage can be obtained using equation (1). Also, the motor does not have phase to phase voltage in converters 2 and 3, but this voltage also can be virtually obtained from equation (2). Anyway, the voltage on each motor winding is exactly the same for the three converters and it was optimized (higher power-quality) by the proposed extreme voltage asymmetry (n = 5 instead the conventional optimization with n = 3). Figure 12 shows the experimental results of the converters using extreme asymmetry (n = 5) with the highest fixed modulation indexes (m * ) and floating capacitors as auxiliary voltage sources. The experiment shows the motor voltages when the main dc voltage (chopper voltage) has not variation and where it has a ramp variation in the amplitude.
Simulation and experimental results
The floating capacitors maintain the voltage ratio (n = 5) all time, even when the chopper varies the main voltage.
Conclusion
This work has demonstrated that a CM converters can work with only one power source using floating capacitors as auxiliary voltage sources, and the power-quality (voltage levels) can be increased using new optimal asymmetries (1:4 or 1:5 instead 1:3). The proposed topologies and control were simulated and experimentally implemented, showing satisfactory results. The solution presented on this paper has a limited dynamic response due to the capacitor voltage variation range, which is limited by the motor current and the capacitance. So the capacitance determines the dynamic response and the control stability, which have a trade-off that must be decided according to the requirements. However, the dynamic response and control stability is satisfactory for EVs using standard capacitances. The proposed converters and control had been extended to general CM converters, presenting the same satisfactory results, but these general topologies are not presented on this paper and some ones are not focused in EVs, because they require more than one power source. 
